Completely disintegrated carbonaceous mudstone, a common embankment material, has significant swelling-shrinkage behavior under cyclic wetting and drying, which often causes the instability of embankments. In this paper, the evolution of the cracks in the completely disintegrated carbonaceous mudstone subjected to cyclic wetting and drying was studied by laboratory tests. e vacuum saturation method and the drying method based on heat lamps and a fan were employed to simulate the wetting and drying processes, respectively. e image processing technique was used to treat the images of the sample surface. Afterward, various geometric parameters of the cracks appeared on the sample surface were measured, and the evolution characteristics of the cracks were analyzed. e results show that with the increase in the number of wetting and drying cycles, the number of cracks on the sample surface gradually increases. After four wetting and drying cycles, the existing cracks produce a large number of small branches, which are connected to form irregular polygonal grids. e development of the cracks in the completely disintegrated carbonaceous mudstone sample can be divided into three stages, i.e., slow development, rapid development, and stable development. Both the surface density of crack and the crack rate first increase and then tend to be stable with the increasing number of wetting and drying cycles. New cracks are mainly generated on the basis of the existing cracks, and some cracks appear to heal under cyclic wetting and drying. e early cracks are mainly developed in the directions of 0°-90°and 300°-360°, and the development rate of the cracks in the directions of 30°, 90°, 140°-150°, and 180°-270°is significantly higher than that of the cracks in other directions.
Introduction
Carbonaceous mudstone, which is widely distributed in southwestern China, is easy to disintegrate after seasonal rainfall. To protect the environment and reduce the cost, the completely disintegrated carbonaceous mudstone has frequently been used as fillings in embankment engineering [1] [2] [3] . However, the completely disintegrated carbonaceous mudstone has significant swelling, shrinkage, and cracking characteristics because it contains a high content of hydrophilic minerals. When subjected to cyclic wetting and drying, massive crisscross networks of crack are often developed in this material or on its surface [4, 5] . e generation of cracks can destroy the original structure of the soil and greatly weaken the bearing capacity of the embankments made of completely disintegrated carbonaceous mudstone [6] . Furthermore, the existence of cracks provides convenient channels for water to infiltrate into the soil, which accelerates the instability of the embankment slope and finally induces engineering disasters [7] . erefore, the development of cracks is a major hazard to the stability of the embankments constructed with completely disintegrated carbonaceous mudstone.
Over the past two decades, a global climate change has led to the frequent occurrence of extreme rainfall and arid climate [8, 9] . e cracking problem of soil and rock subjected to cyclic wetting and drying has been the interest of many scholars and engineers [10] [11] [12] [13] [14] [15] . e laboratory test is commonly used to examine the evolution characteristics of cracks in soil. Previous experimental studies have revealed that the sample geometry has a great influence on the crack characteristics. e crack pattern, particularly that near the boundary, is more or less affected by the sample shape because the cracks at the boundary are usually perpendicular to the boundary surface [16] . As the thickness of soil sample increases, the number of cracks decreases while the primary cracks become wider; as the sample size increases, the numbers of cracks per unit area and isolated soil blocks increase, and the primary cracks become wider [17, 18] . Nevertheless, some researchers demonstrated that laboratory tests often give different results from those obtained in the field although the differences may not be very significant [19, 20] . Indeed, this discrepancy is expected because the field soils are much more heterogeneous and are conditioned by various environmental factors such as the variable climatic conditions and the presence of surface vegetation cover, which are often effaced in the laboratory tests [15] . Compared with the field observation, the laboratory test allows precisely controlling both the internal and external variables, which not only greatly improves the reproducibility of test results but also helps reveal the intrinsic behavior of soil.
is is why the laboratory test is more popular with researchers for investigating the evolution of drying cracks.
Furthermore, the quantitative analysis has been a hot mean to study the influence of cracks on the soil properties under cyclic wetting and drying.
e shape parameters (e.g., width, length, spacing, and depth) of crack that are closely related to the engineering properties of soil are used as important indicators to characterize the degree of cracks development [16, 17, 20, 21] . e methods for crack measurement are also increasingly diverse. For instance, the photography, computed tomography (CT), ultrasonic testing (UT), and conductance method (CM) have widely been applied to observe the soil structure including cracks in the literature [22] [23] [24] [25] . However, there are very few instruments that allow the continuous, nondestructive observation of the development of cracks during wetting and drying tests. Moreover, the previous researches of crack characteristics were mainly focused on clay and expansive soils, and little relevant work was conducted on the completely disintegrated carbonaceous mudstone.
e above analyses indicate that it is of great significance to study the evolution characteristics of the cracks in the completely disintegrated carbonaceous mudstone subjected to cyclic wetting and drying. For this reason, an instrument for crack evolution tests was developed in this study. e wetting and drying tests were then carried out on the completely disintegrated carbonaceous mudstone under cyclic wetting and drying. Afterward, the image processing technique based on the Image Pro-Plus (IPP) software and the MATLAB program was used to analyze the images of the sample surface. In addition, the variation in the direction of crack development was characterized by a rose diagram. Finally, the evolution mechanism of the cracks in the completely disintegrated carbonaceous mudstone subjected to cyclic wetting and drying was discussed.
Materials and Experiment Method

Materials and Sample Preparation.
Carbonaceous mudstone is widely distributed in southwestern China. Typical completely disintegrated carbonaceous mudstone was collected from the site of K18 + 500 of the Liuzhai-Hechi expressway in Guangxi, China (Figure 1 ). e X-ray diffraction analysis showed that the mineral composition of the completely disintegrated carbonaceous mudstone is mainly calcite, quartz, chlorite, mica, and kaolinite; the mass fraction of the remaining mineral components is less than 10% (Figure 2 ). e raw material was sieved, and the grains smaller than 0.5 mm were used to prepare the test samples.
e physical properties of the material were tested, and the main results are shown in Table 1 . According to the international soil classification standard [26] , the material can be classified as low-plasticity silt with fine sand (ML).
To simulate the working condition of the embankment, the test samples were prepared at a degree of compaction of 96% and an initial water content of 14%. First, the grains were fully mixed with distilled water, sealed with a film bag, and then placed in a moisturizer box for 48 h. Afterward, the grains were weighed and then poured into the direct shear ring cutters with inner diameters of 61.8 mm and heights of 20 mm as used by Sun et al. [27] and Zhang et al. [28] among others.
e bottoms of the direct shear ring cutters were sealed with filter papers placed on a test platform and the inner walls were coated with thin layers of Vaseline to simulate the in situ boundary condition. According to the work of Zhang et al. [29] , this treatment of the sample containers would characterize the field boundary condition well because the drying shrinkage is mainly constrained by the underlying soil mass. e grains were then statically compacted by a jack, and thus the circular plate samples were produced. Finally, the samples were sealed with fresh film after sample formation and then stored in a humiditycontrolled box at a relative humidity of 100%.
Test Instrument.
A new test instrument was developed to investigate the evolution of the cracks in the completely disintegrated carbonaceous mudstone subjected to cyclic wetting and drying. As shown in Figure 3 , the instrument consisted of a wetting system, a drying system, and a measurement system. e sample was soaked and saturated by the wetting system that mainly included a vacuum saturation cylinder and a saturator.
e drying system that contained two heat lamps and a fan was used to dry the sample. e measurement system used a digital camera to capture the images of the sample surface in real time. e focal length of the digital camera was fixed all the time to avoid the problem of focal length and light inconsistency in different wetting and drying cycles.
Test Scheme.
In order to reveal the evolution characteristics of the cracks in the completely disintegrated carbonaceous mudstone under cyclic wetting and drying, a series of tests was carried out. At the beginning of the tests, 2
Advances in Civil Engineering electronic scale for weighing the sample; 5: exhaust vent for discharging the water vapor during drying; 6: digital camera for taking highdefinition images; 7: vacuum saturation cylinder for saturating the sample; 8: saturator for containing the sample; 9: piezometer for monitoring the pressure in the vacuum saturation cylinder; 10: bucket; 11: water pipe; 12: pump for providing vacuum power.
the following three schemes had been used to achieve the goal: (i) e sample was made of the completely disintegrated carbonaceous mudstone with particle sizes of less than 0.5 mm. e cyclic wetting and drying environment was achieved by means of purling and natural air drying. (ii) e sample was made of the completely disintegrated carbonaceous mudstone with particle sizes of less than 2 mm. e self-developed test instrument was used to simulate the cyclic wetting and drying environment.
(iii) e sample was made of the completely disintegrated carbonaceous mudstone with particle sizes of less than 0.5 mm. e self-developed test instrument was used to simulate the cyclic wetting and drying environment.
e results indicated that in scheme (i), the use of the purling method led disturbance to the existing cracks in the sample; in scheme (ii), because the particle size of carbonaceous mudstone was large while the average width of cracks was very small, the crack development was difficult to identify. Since scheme (iii) did not have the above problems, it was selected to test the completely disintegrated carbonaceous mudstone sample subjected to eight cyclic wetting and drying. To reduce the test error, three parallel tests were performed, and the experimental results were averaged. e test steps are as follows:
(1) e sample was transferred from the moisturizer box to the saturator. en the saturator that contained the sample was put into the vacuum saturation cylinder. (2) e water intake valve was closed, the suction valve was opened, and the pump was powered on to evacuate the wetting system. After 30-min vacuum, the water intake valve was opened to let the water enter the vacuum saturation cylinder. e water intake valve and suction valve were both closed when the water fully covered the saturator. e sample was soaked in the vacuum saturation cylinder for 24 h. (3) e sample soaked for 24 h was placed on the electronic scale. e heat lamps and the fan were used to dry the sample. In the process of drying, the water content of the sample was tested every 5 h. When the difference between the current water content and the initial water content was less than 5%, the water content was tested every hour. Once the difference between two water contents measured in 2 h was less than 0.5%, the process from wet to dry was considered complete. (4) A proper focal length of the camera was selected and fixed, and then the camera was started to take photos of the sample surface. (5) e wetting and drying cycles were repeated eight times to observe the evolution characteristics of the cracks in the completely disintegrated carbonaceous mudstone.
Quantitative Methods for Identifying Crack Parameters
Image Processing Method.
IPP is an image analysis software platform with powerful functions of image processing, measurement, counting, data statistics, and analysis. According to the study in the literature [30] , the image processing procedure included the following steps:
(1) e original image (Figure 4(a) ) was imported into the IPP software and then converted to grayscale image (Figure 4(b) ). (2) e area of interest (AOI) was selected, and the binarization process in the processing command was used to segment the image. e binarized image is shown in Figure 4 (c). (3) e binarized image was imported into the MAT-LAB software. e "bwlabel" function available in the toolbox was used to identify the spots in the binarized image. Subsequently, the toolbox function of "regionprops" was employed to calculate the area of the spots, and then the area distribution curve of each spot was obtained. e optimal area threshold was obtained according to the area distribution curves. e spot-removed image, in which the black area represents the cracks and the white area represents the soil matrix, is shown in Figure 4 (d). (4) e image without spots was then imported into IPP again, and thus the geometric parameters of the cracks were calculated using an automatic counting command.
Quantitative Analysis of Crack Parameters.
e morphology of cracks can be characterized by many parameters such as the crack number, maximum length, maximum width, surface density, and crack rate.
(1) Crack number (N) is the total number of cracks.
Since IPP distinguishes different objects by pixels, the uninterrupted line in the image is defined as a single crack while the interrupted lines are considered as different cracks ( Figure 5 ). (2) Maximum length (l max ) refers to the maximum value of the curve distances of all cracks along their lengthwise directions. (3) Maximum width (d max ) refers to the maximum value of the linear distances of all cracks along their width directions; it reflects the degree of crack opening. (4) Surface density (ρ s ) is defined as the ratio of the cumulative length of all cracks to the surface area of the sample, namely [16] ,
where ρ s is the surface density of cracks, l t is the cumulative length of all cracks, S B is the surface area of the sample, and l i is the cumulative length of the ith crack. (5) Crack rate (δ f ) is defined as the ratio of the total area of cracks to the surface area of the sample; it reflects the degree of the development of the crack network. e crack rate is expressed by [16] 
where δ f is the crack rate; A i is the area of the ith crack; n b is the number of black pixels, and n w is the number of white pixels; and n is the total number of pixels. (6) Total crack area (A) is the sum of the areas of all cracks. Note that the total crack area does not equal to the sum of the products of the length and width of crack.
Results and Discussion
Evolution Phenomena of Macroscopic and Microscopic
Cracks. e grayscale images of the cracks on the sample surface after different wetting and drying cycles are presented in Figure 6 . It is noted that a few Y-shaped cracks appear on the surface of the completely disintegrated carbonaceous mudstone sample after one wetting and drying cycle. e number of cracks on the sample surface gradually increases as the number of wetting and drying cycles increase. After the fourth wetting and drying cycle, the primary and secondary cracks on the sample surface are interlaced, and the cracks are gradually connected to form irregular polygonal grids. With the increasing number of wetting and drying cycles, the cracks further expand, the number of polygon grids (i.e., soil blocks) divided by the cracks increases, and the average area of the grids decreases. e appearance of the above phenomenon is mainly because the completely disintegrated carbonaceous mudstone has the characteristics of water swelling and drying shrinkage. e sample rests on a frictional support (i.e., filter paper base) and is fully saturated after vacuum saturation. In the process of drying, the rates of water evaporation on the top and bottom surfaces of the sample are different. In this case, the water content gradient is formed inside the sample and does not disappear in a short time. erefore, the matric suctions on the sample surface and inside the sample are different, leading to the generation of surface cracks under constrained boundary conditions.
One can also note that some previously existed cracks are healed and a few healed cracks do not open again in the subsequent wetting and drying cycles. However, most of the cracks generated in a subsequent wetting and drying cycle follow the pattern of the cracks formed in the previous wetting and drying cycle, indicating good repeatability of the cracks to some extent. ese results are acceptably consistent with those reported by Li and Zhang [20] and Yesiller et al. [31] . Moreover, compared with the cracks in clayey soils, the Advances in Civil Engineeringdrying cracks in completely disintegrated carbonaceous mudstone are relatively narrow due to the low proportion of clay minerals and the large dry density (or degree of compaction) of the sample. In addition, the cracks in completely disintegrated carbonaceous mudstone show more or less zigzag features and the shape of the produced polygon grids is quite irregular, which are different from the crack patterns formed in clayey soils. is is probably because of the existence of large grains (i.e., fine sand) in completely disintegrated carbonaceous mudstone. e micrographs of the surface of the sample after different wetting and drying cycles were obtained by means of scanning electron microscopy, and they are illustrated in Figure 7 . It is observed that, in the initial state, the particles on the sample surface are tightly bound, but some primary small pores of several microns also present. Under cyclic wetting and drying, the sample swells and shrinks, causing a loose structure of the sample and many cracks of different sizes and shapes. After the first wetting and drying cycle, the sample surface is smoother than that in the initial state, but a few fine cracks appear. After the fourth wetting and drying cycle, the pores on the sample surface increase in size and number and show a tendency of interconnection. e area with numerous large pores is usually a weak zone of the sample. Water can enter the pores after wetting and evaporate after drying. e swelling and shrinkage of the soil inevitably cause damage to the soil structure.
erefore, the pores are connected and penetrated, and the cracks are generated.
Evolution Characteristics of Crack Parameters.
Based on the image processing technique, the evolution process of the cracks on the surface of the completely disintegrated carbonaceous mudstone sample after different wetting and drying cycles was quantitatively analyzed. e quantitative parameters corresponding to different wetting and drying cycles are given in Table 2 . According to the data in Table 2 , the relationship between each crack parameter and the number of wetting and drying cycles can be obtained.
e variations of l max and d max of cracks after different wetting and drying cycles are shown in Figure 8 . It is noted that both l max and d max values increase with the increase in the number of wetting and drying cycles. e increases of l max and d max during the third wetting and drying cycle are the largest, and the changes of them after this cycle are relatively stable. In the process of eight wetting and drying cycles, the maximum values of l max and d max are 40.87 mm and 2.3 mm, respectively. e variations of N and A of cracks with wetting and drying cycles are illustrated in Figure 9 . It is observed that N increases with the increase in the number of wetting and drying cycles. e N value reaches the maximum after seven wetting and drying cycles and then declines after the peak. A grows slowly during the first two wetting and drying cycles. After that, A gradually increases and finally stabilizes as the number of wetting and drying cycles increases. e reason for N increases first and then decreases is that the cracks in the soil do not develop immoderately under cyclic wetting 6 Advances in Civil Engineering and drying. When there are massive cracks, several adjacent cracks intersect each other to from a single crack, which causes the decrease in N. After the intersection of cracks, a large number of small grids are formed on the sample surface, and thus A further increases. e length and width (i.e., l max and d max ) can represent some aspects of the crack characteristics, whereas they cannot characterize the overall development of the cracks on the sample surface. For this reason, the values of ρ s and δ f were analyzed, and their variations with the number of wetting and drying cycles are presented in Figure 10 . It is observed that the development of the cracks in the completely disintegration carbonaceous mudstone sample can be divided into three stages, i.e., the slow development, the rapid development, and the stable development, which is consistent with the field test results of ground cracking reported by Li and Zhang [20] . e ρ s and δ f values first increase with the increasing number of wetting and drying cycles and then tend to be stable. e values of ρ s and δ f do not change much during the first and second wetting and drying cycles, increase rapidly beginning from the third wetting, and drying cycle and are gradually stabilized after the sixth wetting and drying cycle.
To explore the evolution of the directions of the cracks in the completely disintegrated carbonaceous mudstone subjected to cyclic wetting and drying, a simple rose diagram was introduced to describe the crack directions. e azimuth of the rose diagram represents the direction of the cracks, and the radius of the rose diagram represents the crack number in a certain direction. e rose diagram of the cracks after different wetting and drying cycles is shown in Figure 11 . It is observed that the new cracks are mainly generated on the basis of the existing cracks, and some cracks disappear under wetting.
e cracks are mainly developed towards the directions of 0°-90°and 300°-360°, after the first five wetting and drying cycles, and then the crack development in the directions of 30°, 90°, 140°-150°, and 180°-270°is more significant than that in other directions. After the first wetting and drying cycle, the rose diagram of the cracks is symmetrical about the line passing through 150°a nd 330°, exhibiting a butterfly shape. From the third to the fifth wetting and drying cycles, the area of the upper part of the rose diagram is larger than that of the lower part. is indicates that the number of the cracks with the directions of 270°-360°and 0°-90°increases rapidly from the third to fifth Advances in Civil Engineering 7
wetting and drying cycles. Moreover, the cracks have a wider range of direction after the seventh wetting and drying cycle than those after the fifth wetting and drying cycle. From the fifth to the seventh wetting and drying cycles, the development rate of crack in the directions of 40°-60°, 110°-130°, 280°-290°. and 310°-360°is small and that in other directions is large. e reasons for the difference of development rate and distribution of cracks during cyclic wetting and drying are as follows. e cracks with small widths heal in the wetting process. In addition, the cracks with large widths in the drying process have a large water loss space, which causes a greater nonuniform stress between the surface and interior of the sample. Finally, the existing cracks continue to develop and create new cracks.
Evolution Mechanism of Cracks under Cyclic Wetting and
Drying.
e soil sample is likely to shrink during drying owing to the generation of suction. If the drying shrinkage is constrained, cracks occur when the produced tensile stress exceeds the tensile strength of soil [32] [33] [34] . In this study, the shrinkage constraints mainly come from the frictional bottom boundary and soil inhomogeneity (e.g., large grains and pores).
As presented previously, the surface density of crack increases with increasing number of wetting and drying cycles.
is is because with the increase of wetting and drying cycles, the soil tends to relax and produces irreversible plastic deformation. New cracks develop on the basis of the existing cracks, but the sample area is assumed to be constant during cyclic wetting and drying, leading to the increase in the surface density of crack. e carbonaceous mudstone has the characteristics of swelling and shrinkage, a part of cracks heal in the wetting process, and the existing cracks open again in the drying process. e free surface The fifth cycle
The seventh cycle formed after the soil cracking changes the gradient distribution of the water content of the sample. e new water content gradient leads the tensile stress of soil to be greater than the tensile strength of soil, and thus new cracks appear. As the number of wetting and drying cycles increases, the maximum length of crack increases, and the phenomenon of the intersection of cracks occur. As a result, the number of cracks decreases, but the crack intersection does not affect the total area of cracks.
From the rose diagram of crack development, it is noted that, in the early stage, the cracks develop mainly towards the direction of 0°-90°and 300°-360°. e development of cracks destroys the soil integrity and causes the expansion of the distribution area of cracks. Particularly, the development of cracks in the directions of 30°, 90°, 140°-150°, and 180°-270°i s significantly faster than that in other directions.
Conclusions
In this experimental study, the evolution characteristics of the cracks in the completely disintegrated carbonaceous mudstone sample after different wetting and drying cycles were investigated.
e following conclusions can be drawn:
(1) With the increase in the number of wetting and drying cycles, the number of the cracks on the surface of the completely disintegrated carbonaceous mudstone sample gradually increases. After the fourth wetting and drying cycle, the primary and secondary cracks of the sample intersect with each other and gradually form irregular polygonal grids. (2) e development of the cracks on the surface of the completely disintegrated carbonaceous mudstone sample can be divided into three stages, i.e., slow development, rapid development, and stable development. e surface density of crack and crack rate first increase and then tend to be stable as the number of wetting and drying cycles increases. (3) New cracks are mainly developed on the basis of the existing cracks under cyclic wetting and drying, and some existing cracks disappear in the wetting process. (4) e cracks mainly occur in the directions of 0°-90°a nd 300°-0°after the first five wetting and drying cycles, and then the crack development in the directions of 30°, 90°, 140°-150°, and 180°-270°is more significant than that in other directions.
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